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This study examined the onset, time course of devel-
opment and response to overdrive stimulation of ven-
tricular tachycardia in 10 dogs that underwent a Harris
two-stage ligation of the left anterior descending coro-
nary artery. Transient (12 ± 3 minutes) complete atrio-
ventricular (AV) block was produced 2, 3, 4, 5, 8, 12,
16, 20 and 24 hours after onset of infarction through
selective injection of physostigmine salicylate into the AV
node artery. Seven of the 10 dogs had early transient
arrhythmic episodes that occurred within 20 to 40 min-
utes after coronary occlusion but none of the dogs had
any spontaneous ventricular tachycardia in the ensuing
2 hours. Two hours after left anterior descending coro-
nary artery ligation, complete AV block unmasked in
every dog a slow (37 ± 9 beats/min) AVjunctional rhythm
readily suppressed by overdrive. Three hours after coro-
nary ligation, AV block revealed a monomorphic ven-
tricular tachycardia (106 ± 10 beats/min) in 3 of the 10
dogs. Four and five hours after coronary ligation, five
and eight dogs, respectively, had ventricular tachycardia
Harris and colleagues (1-3) were the first to note that ven-
tricular ectopic activity after experimental occlusion of a
large coronary artery occurred in two distinct phases sep-
arated by a period of regular sinus rhythm with few or no
ectopic beats. The early phase begins immediately after the
occlusion and lasts about 30 minutes and is characterized
by episodes of intense ectopic activity that often degenerate
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during AV block and in three the tachycardia was poly-
morphic. The two remaining dogs did not develop ven-
tricular tachycardia during the 24 hours of observation.
Ventricular tachycardia always began abruptly, first
with brief and then longer bursts. Soon after onset the
rate of tachycardia began to increase to reach a plateau
2 to 3 hours later at frequencies 21 ± 9% greater than
the initial tachycardia rate. Concomitant with this in-
crease in rate there was a steady decline of overdrive
suppressibility and during the plateau phase there was
little or no overdrive suppression. In three dogs 12 to
20 hours after coronary ligation, overdrive stimulation
caused intermittent biphasic responses ~haracterized by
a brief episode of overdrive acceleration followed by
prolonged overdrive suppression. From these results it
is concluded that abrupt onset of ventricular tachycardia
3 to 4 hours after infarction is probably due to partially
depolarized ectopic pacemakers and that in some cases
triggered activity is likely.
(J Am Coli CardioI1986;8:95A-103A)
into ventricular fibrillation. The delayed phase of ectopic
activity usually begins 4 to 8 hours after the onset of isch-
emia. It can last up to 2 to 4 days and is often characterized
by bouts of multifocal ventricular tachyarrhythmias that rarely
degenerate into ventricular fibrillation (1-4). Harris et a1.
(1-3) also speculated that different underlying electrophys-
iologic mechanisms might be responsible for these two (early
and delayed) phases of ischemia-related arrhythmias. Whereas
the causes of delayed arrhythmias are still poorly understood
(4-13), it now appears that the early arrhythmias can be
attributed to reentry resulting from a markedly delayed ac-
tivation of the ischemic myocardial regions that are furthest
downstream of the normal conduction pathway (3,4,11,
14-21).
In the present study we examined in the canine heart in
situ, during periods of intermittent complete atrioventricular
(AV) block, the onset and the time course of development
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of the delayed ventricular ectopic activity produced by a
Harris two-stage ligation of the left anterior descending
coronary artery. Because in vitro studies (22) have shown
that responses to overdrive stimulation might allow a dis-
tinction between normal and abnormal automaticity in the
ventricle, we especially examined how overdrive pacing
influenced these ectopic ventricular rhythms over time.
Methods
Experimental preparations. Ten mongrel dogs of either
sex, weighing 22 to 26 kg, were anesthetized with sodium
pentobarbital (30 mg/kg body weight intravenously) and
intubated for mechanical ventilation with room air. The
chest was opened in the fourth left intercostal space to permit
a two-stage occlusion of the left descending coronary artery
according to the protocol of Harris (2) between the first and
the second diagonal branch. The chest was closed on the
left side and then reopened 1 hour later through the right
fourth intercostal space to permit preparation and cannu-
lation of the atrioventricular (AV) node artery with a small
polyethylene catheter. The entire remaining coronary cir-
culation and the normal innervation of the heart were pre-
served intact. Details of these procedures have been reported
previously (23).
Measurements and protocol. Central aortic pressure
was measured with a catheter placed through the subclavian
artery and attached to a transducer. Together with a surface
lead II electrocardiogram, bipolar electrograms were re-
corded from electrodes sutured on or near the sinus node
and on the right ventricular outflow tract. In each dog a His
bundle electrogram was obtained with a standard pacing
electrode catheter (5F or 6F, 10 mm interpolar distance)
advanced into the aortic root. A tachogram was derived
either from the atrial electrogram or from the bipolar elec-
trogram obtained from the surface of the right ventricle.
Overdrive pacing was achieved from a bipolar electrode
sutured on the left ventricular free wall at least 4 cm outside
the ischemic area. For all pacing protocols each stimulus
was twice threshold voltage and lasted 2 ms. Recovery time
measurements were made from polygraph tracings recorded
at a paper speed of 100 mm/s for ventricular ectopic activity
and 25 mm/s for the slow AV junctional rhythm that emerges
when complete AV block is produced with physostigmine
salicylate injected into the AV node artery (see later). Re-
covery times were assessed as the interval between the last
paced electrogram and the earliest spontaneous electrogram
recorded from the site over the left ventricle. For the purpose
of this study prepacing cycle length is defined as the spon-
taneous cycle length immediately preceding the pacing in-
tervention. After the escape beat, the spontaneous cycle
length of the next 10 successive beats was also measured.
Production of AV block. Adequacy of AV node per-
fusion was routinely assessed by the injection of 2 ml of
acetylcholine chloride (0.5 j.Lg/ml) into the AV node artery.
All preparations showed an immediate complete AV block
for at least 2 seconds. Subsequent injection of the cholin-
esterase inhibitor physostigmine salicylate (100 j.Lg/m1, 2
ml) resulted in a long lasting complete AV block that could
be maintained as long as needed by repeated injections of
physostigmine. Immediate return to normal sinus rhythm
was achieved through injection of atropine sulfate (10 j.Lg/ml,
2 ml) into the AV node artery.
Intermittent episodes of stable complete AV block were
produced 2, 3, 4, 5, 8, 12, 16, 20 and 24 hours after
coronary artery occlusion. In some experiments ventricular
pacing was performed for 20 seconds, 1,2, 3 or 4 minutes.
However, most pacing durations were 2 minutes. The stim-
ulus cycle length was selected to correspond to 0.66, 0.50,
0.33 and 0.25 of the prepacing cycle length. Most pacing
studies, however, were performed at the ratio of 0.66 and
0.50. The results are expressed as mean ± 1 SD.
Results
Time of onset of delayed ventricular ectopic activity
after coronary artery occlusion. Although 7 of the 10
dogs had transient early arrhythmic episodes (none requiring
direct current conversion), only 1 dog experienced a few
premature ventricular depolarizations in the 2 hours after
ligation. Two hours after onset of ischemia every dog had
sinus rhythm and the average rate was 142 ± 11 beats/min.
Injection of physostigmine salicylate into the AV node artery
produced a complete AV block, and in each dog a slow AV
junctional rhythm (24) emerged and drove the ventricles at
an average rate of 36 ± 5 beats/min. After several pacing
protocols (see later) atropine sulfate was injected into the
AV node artery to permit an immediate return to normal
sinus rhythm and to continue the observation under optimal
hemodynamic conditions.
Serial complete AV block produced 3, 4 and 5 hours
after coronary ligation demonstrated that three, five and
eight dogs, respectively, had developed ventricular ectopic
rhythms (Fig. 1). Except for one dog that had shown in-
termittent runs of polymorphic ventricular tachycardia, the
dogs had regular sinus rhythm with a few interspersed ven-
tricular premature beats, and production of complete AV
block was required to unmask the ventricular ectopic activ-
ity. The incidence of ventricular tachycardia did not change
8 and 12 hours after coronary occlusion (Fig. 1), and in
two remaining dogs that were observed for 21 and 24 hours,
respectively, no ectopic ventricular rhythms developed be-
cause serial complete block always resulted in the emer-
gence of a stable slow AV junctional rhythm.
Time course of development of delayed ventricular
ectopic activity after coronary artery occlusion. Figure
2 illustrates the individual onset and early time course of
development of the delayed ventricular ectopic activity ob-
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Response to Overdrive Stimulation
Overdrive suppression of slow AV junctional pace-
maker rhythm. Two hours after coronary artery occlusion
complete AV block resulted in a slow, stable readily
overdrive-suppressible AV junctional rhythm. Figure 4 il-
lustrates the influence of duration of pacing on slow AV
junctional pacemaker recovery time. These experiments were
perfonned at a constant stimulus cycle length of 25% of the
slow AV junctional pacemaker control prepacing cycle length.
The results obtained demonstrate that the escape time in-
creases with increased duration of pacing and that durations
of pacing greater than 2 minutes are not likely to cause
much more slow AV junctional pacemaker overdrive
suppression than was observed with the 2 minute pacing
period.
Figure 5 illustrates the differential effect ofduration and
frequency of overdrive pacing on slow AV junctional pace-
maker recovery time. It is readily apparent that a brief 20
second period of overdrive stimulation caused very little
overdrive suppression (corrected recovery time of 0.25 ±
0.10 second) when the stimulus cycle length was 66% of
the prepacing slow AV junctional cycle length. However,
when the same stimulus frequency was applied for 2 minutes
the corrected slow AV junctional pacemaker recovery time
increased from 0.25 ± 0.10 to 1.60 ± 0.70 seconds. A
fourfold increase in stimulus frequency applied for 20 sec-
of the tachycardia, the rate of the ventricular ectopic beats
did not vary greatly. When first detected during complete
AV block the rate of the tachycardia averaged 107 ± 11
beats/min; it then steadily increased to attain a maximal rate
averaging 130 ± 14 beats/min and remained virtually un-
changed throughout the entire period of observation that
ranged from 18 hours (two dogs) to 19 hours (one dog), 21
hours (three dogs) and 24 hours (two dogs).
In the beginning the ventricular ectopic activity was
monomorphic in all but two dogs. However, 3 hours after
coronary occlusion three dogs had polymorphic or multi-
focal discharges and 7 to 9 hours after ligation all but two
dogs had polymorphic ventricular ectopic activity (Fig. 3).
Figure 3. Bar graph illustrating the temporal development of the
monomorphic and polymorphic ventricular tachycardia (VT).
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Figure 2. Abrupt onset of ventricular ectopic activity in a group
of two and a group of three dogs 3, 4 and 5 hours after two-stage
ligation of the left anterior descending coronary artery. Note that
after onset there is a steady early increase in the rate of the tachy-
cardia. AVJ-2 = slow AV junctional rhythm; VT = ventricular
tachycardia.
served in the present study. In each instance the ectopic
activity began rather abruptly in the fonn of repetitive runs
of nonsustained «20 beats) and then sustained episodes of
ventricular tachycardia. Concomitant with the progressive
increase in the duration of the tachycardia runs there was a
steady decrease in the tachycardia cycle length until, 3 to
4 hours after onset, a plateau was attained. At the height
Figure 1. Time course of development of ventricular ectopic ac-
tivity in 10 dogs undergoing a Harris two-stage ligation of the left
anterior descending coronary artery between the first and second
diagonal branch. Two dogs did not develop any ventricular tachy-
cardia (VT). Onset of ventricular tachycardia was assessed during
intermittent complete AV block.
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16 is not only a major determinant of overdrive suppression of
slow AV junctional pacemaker rhythm but might well rep-
resent the most important determinant of overdrive suppres-
sion of at least certain ventricular pacemakers, because in
the intact heart in situ, stimulus cycle length often cannot
be decreased more than 50% of the prepacing cycle length
without causing either severe hemodynamic compromise or
disruption of electrical stability, or both. On the basis of
these findings all subsequent studies used 2 minutes of pac-
ing duration and the stimulus cycle lengths were selected
to be 66 and 50% of the prepacing cycle lengths.
Overdrive suppression of ventricular ectopic activity.
Figure 6 is a characteristic example of an overdrive pacing
study performed during serial complete AV block 2, 3, 4
and 5 hours after coronary artery occlusion. Panel A illus-
trates a typical extent and time course of recovery of slow
AV junctional pacemaker rhythm overdrive suppression 2
hours after onset of ischemia. In this dog 3 hours after
coronary ligation complete AV block revealed intermittent
runs of monomorphic ventricular ectopic activity. Some-
times the runs were very brief, lasting only a few beats, but
more often the runs lasted several minutes before coming
to an abrupt spontaneous stop and then restarting a few beats
later. Overdrive pacing, still causing a clearly demonstrable
overdrive suppression of this rhythm, is illustrated in Figure
6B. Four and five hours after coronary ligation AV block
unmasked the same but steadily accelerating monomorphic
ventricular ectopic rhythm. Concomitant with this increase
in rate of the tachycardia there was a progressive decrease
(panel C) and eventual loss (panel D) of overdrive sup-
pressibility.
In another dog (Fig. 7), serial AV block produced 4, 5
and 6 hours after coronary ligation revealed a slow AV
junctional pacemaker rhythm, monomorphic and polymor-
phic ventricular ectopic activity, respectively. Whereas
monomorphic ectopic rhythms were always overdrive-sup-
pressible early after their onset, polymorphic tachycardias
showed little or no overdrive suppression.
When first observed, the average rate of the ventricular
ectopic activity was 107 ± 11 beats/min (n = 8) and pacing
for 2 minutes at a stimulus cycle length of 66% of the
tachycardia cycle length resulted in an average corrected
overdrive suppression of 0.75 ± 0.20 second. Decreasing
the stimulus cycle length to 50% of the tachycardia cycle
length increased the corrected recovery time 1.10 ± 0.40
seconds. One hour after onset of ventricular ectopic activity,
the average rate of the tachycardia had increased to 116 ±
12 beats/min. Overdrive pacing for 2 minutes at stimulus
cycle lengths of 66 and 50% of the tachycardia cycle length
caused a small but consistent overdrive suppression aver-
aging 0.20 ± 0.05 and 0.35 ± 0.10 second, respectively.
Three to four hours after onset of the ventricular ectopic
activity the average rate was 130 ± 14 beats/min and no
form of overdrive stimulation caused any overdrive suppres-
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Figure 4. Effect of duration of pacing on AV junctional rhythm
(AVJ-2) recovery time. The stimulus cycle length was 0.25 x
prepacing cycle length of the AV junctional pacemaker rhythm.
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onds increased the corrected slow AV junctional pacemaker
recovery time to a mere 1.25 ± 0.80 seconds. When, at
these frequencies, the duration of pacing was increased to
1 and 2 minutes, respectively, corrected slow AV junctional
pacemaker recovery time increased to 5.20 ± 2.35 and
8.35 ± 2.20 seconds, respectively. Thus, duration of pacing
Figure S. Effects of duration and stimulus cycle length (frequency
of pacing) on AV junctional rhythm (AVJ-2) recovery time.
L = pacing cycle length; PPCL = prepacing cycle length.
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sion. At this point it is important to emphasize that during
this entire period of observation the sinus rate remained
stable decreasing approximately 1 beat/h. In particular there
was no increase in sinus rate,
Overdrive acceleration of ventricular ectopic activity.
In three of the eight dogs that developed ventricular tachy-
cardia, overdrive pacing performed 12, 15 and 20 hours
after coronary artery ligation resulted in brief, transient ac-
celeration followed by a phase of moderate slowing before
steadily returning to prepacing tachycardia cycle length. The
extent of postoverdrive acceleration increased with a de-
crease in stimulus cycle length, (Fig. 8A) as well as with
increase in the duration of pacing (Fig. 8B).
Figure 6. A, Effect of overdrive stimulation on AV junctional
rhythm (AVJ-2) 2 hours after left anterior descending coronary
artery (LAD) ligation. B, Overdrive suppression of monomorphic
ventricular ectopic activity 3 hours after coronary occlusion. Four
hours after coronary occlusion the monomorphic ventricular ec-
topic activity is minimally overdrive-suppressed (C) and 5 hours
after occlusion overdrive suppression is abolished (D). VT
ventricular tachycardia; other abbreviations as in Figure 5.
Discussion
Delayed ventricular ectopic activity after coronary
occlusion. It is well recognized that disruption of cardiac
rhythm resulting from experimental coronary occlusion fol-
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Figure 7. Comparison of overdrive suppression of AV junctional
(AVJ-2), monomorphic and polymorphic ventricular ectopic ac-
tivity studied at low (A) and high (B) frequency of stimulation,
Note that the polymorphic tachycardia was not overdrive-sup-
pressed. Abbreviations as in Figures 5 and 6.
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lows an established pattern characterized by an early and a
delayed phase of ventricular activity separated by a quies-
cent period of regular sinus rhythm (2,4), In the present
study, using intermittent episodes of complete AV block,
we have observed that delayed ventricular ectopic activity
is already detectable during the quiescent intermediate pe-
riod of sinus rhythm and that the rate of the tachycardia
then steadily increases over the next few hours until a plateau
is attained at which time the rate of the ventricular ectopic
activity usually exceeds that of the sinus node. Because
there was no concomitant increase in sinus rate, it is unlikely
that the increase in the rate of the ventricular ectopic activity
was due to enhanced sympathoadrenergic activity. The onset
of delayed ventricular ectopic activity appears to be abrupt
and in all but one of the dogs it began with monomorphic
electrocardiographic complexes, suggesting a predominant
single focus. At its highest rate of discharge, however,
ventricular ectopic activity was always polymorphic, sug-
gesting multifocal origins. These latter observations are in
accord with the original description of Harris (2), who noted
that the electrocardiographic deflections were usually mono-
morphic during low frequency ectopic activity but poly-
morphic when the intensity of the excitatory drive became
greater.
Slow AVjunctional pacemaker rhythm after AV block.
Two hours after coronary artery occlusion complete AV
block achieved through maximal cholinesterase paralysis of
the AV node region resulted in a slow and stable AV junc-
tional rhythm that was indistinguishable from the escape
rhythm obtained in normal dogs subjected to the same phar-
macologic maneuvers (24). Slow AV junctional pacemaker
rhythm is readily overdrive suppressed and the overwhelm-
ing determinant of its recovery time was the duration of
pacing. Decreases in stimulus cycle length also prolonged
slow AV junctional pacemaker rhythm recovery time but
the magnitude of this effect was considerably less than that
of the duration of pacing. Furthermore, in a recent study
(25) designed to simultaneously and quantitatively charac-
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terize how stimulus cycle length and duration determine the
magnitude of slow AV junctional pacemaker rhythm over-
drive suppression it was found that although the relative
contribution of the duration alone accounted for 51 % of the
overall variance, the interactions between duration of pacing
and stimulus cycle length were almost as important because
their relative contributions amounted to 39% of the overall
variance. Overdrive suppression is a characteristic property
of normal automaticity. When normal automatic cells are
overdriven and the drive is abruptly terminated, quiescence
follows before resumption of activity. This postpacing pause
is due to overdrive suppression (26,27).
Figure 8. Postoverdrive acceleration and then slowing during
established ventricular tachycardia (VT) (effect of frequency of
stimulation [A] and effect of duration of pacing [I and 2 minutes]
[RD. Abbreviations as in Figure 5.
On the basis of studies performed on isolated Purkinje
cells, it was found that overdrive suppression was largely
mediated by enhanced activity of the Na + -K + pump (27).
Na + enters the cell with each action potential, therefore the
more action potentials, the greater the amount of Na+ ac-
cumulating in the cell over a given period of time. Because
the Na + pump usually extrudes more Na + outward than
K+ inward, hyperpolarization ensues. Thus, when pacing
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is tenninated abruptly, the hyperpolarization that develops
during the overdrive stimulation will result in a pause until
the intracellular Na + concentration (hence pump function)
has decreased to the point that it cannot continue to effec-
tively oppose the pacemaker cells' spontaneous membrane
potential decay toward threshold. Increase in intracellular
Ca2 + that occurs during overdrive pacing might be another
factor to influence overdrive suppression. Accumulation of
intracellular Ca2 + may shift the threshold to more positive
values and therefore further lengthen the duration of recov-
ery time by prolonging the time required to attain threshold
(28).
Although the exact cell type responsible for the slow AV
junctional rhythm examined in this study has not yet been
detennined, results from this and another study (25) indicate
that there are striking similarities with regard to overdrive
suppression between the cells that initiate the AV junctional
rhythm and nonnal in vitro Purkinje fibers (27,29-31).
Overdrive suppression of ventricular arrhythmias.
Serial complete AV block produced 3, 4 and 5 hours after
coronary artery occlusion unmasked ventricular ectopic ac-
tivity in three, five and eight dogs, respectively. At onset
the ventricular tachycardia was monomorphic in all but one
dog and its average rate was considerably slower than that
of the sinus node. Overdrive stimulation of these mono-
morphic ectopic ventricular arrhythmias consistently re-
sulted in a small but clearly demonstrable overdrive suppres-
sion followed by a gradual return (warming up) to the initial
rate. Because of this response and because a decrease in
stimulus cycle length further prolonged the recovery time,
we interpret these arrhythmias as automatic. However, co~­
pared with the nonnal automatic AV junctional rhythm, the
extent of overdrive suppression of these ventricular ectopic
rhythms was small. A plausible explanation for this differ-
ential response to overdrive suppression might be that par-
tially depolarized abnonnally automatic cells generate the
ectopic ventricular activity. In a recent in vitro study using
Purkinje fiber preparations isolated from false tendons, the
subendocardial right bundle branch and 24 hour infarct zone,
Dangman and Hoffman (22) recognized three types of au-
tomaticity: 1) a high potential automaticity with maximal
diastolic potential greater than - 70 mV, 2) an intennediate
potential automaticity with maximal diastolic potential be-
tween - 61 and - 70 mV, and 3) a low potential auto-
maticity with maximal diastolic potential less than - 60 mV.
Whereas overdrive pacing of the high potential automatic
cells resulted in marked overdrive suppression, only slight
suppressions were observed when intennediate potential au-
tomatic cells were examined.
Our results obtained with AV junctional rhythm and ven-
tricular ectopic activity studied early after onset (a few hours)
are remarkably similar to the response patterns described
by Dangman and Hoffman (22). Furthennore, the progres-
sive decline of the extent of overdrive suppression concom-
itant with the increase in rate of the tachycardia and the
eventual loss of suppressibility when the ectopic ventricular
rhythm attained its peak stable rate also resembles the re-
sponses observed by Dangman and Hoffman (22), who found
little or no overdrive suppression of low potential automatic
cells. Although our study cannot ascertain that intennediate
and low potential automatic cells were indeed the cause of
the observed ectopic ventricular activity there is a strong
index of suspicion that this is the case and we agree with
the interpretation of Dangman and Hoffman (22) that a
decrease in intracellular Na + accumulation during overdrive
resulting from depolarization-induced inactivation of Na +
channels is a plausible reason for the decrease and eventual
loss of overdrive suppression. Another factor to consider
might be a decrease in the ability to hyperpolarize during
overdrive pacing because of increased membrane leakage.
Postoverdrive excitation of ventricular arrhythmias.
Postoverdrive acceleration was observed in three dogs but
only in the later stages of the delayed phase of ectopic
ventricular activity. After the transient enhancement there
was a small phase of suppression. Postoverdrive increases
in rate have also been observed by others (22) in isolated
fibers with low potential automaticity and it is possible that
electrorelease of endogenous catecholamines during rapid
pacing or subliminal response enhancement, excitability en-
hancement and latency adaptation phenomenon (32) are all
involved in the mediation of this response (22). Other mech-
anisms to consider include overdrive excitation (33) and
triggered activity (34-42) especially because triggered ac-
tivity resulting from delayed afterdepolarization tends to
increase with overdrive stimulation (28). Because overdrive
excitation was never observed in the early stages of delayed
ectopic ventricular activity it is unlikely, although not proven,
that the postoverdrive acceleration observed in this study
was related to this mechanism of action. Although triggered
activity might play an important role in the generation of
the observed ectopic ventricular activity, the present study
cannot provide any definitive answer to this question.
Finally, we cannot exclude that entrance or exit blocks,
or both, from the ectopic focus were largely responsible for
the loss of overdrive suppression that occurred in the later
stages of delayed ectopic ventricular activity. However,
conduction block does not appear to play a critical role in
the early stages of ectopic ventricular activity because both
overdrive suppression and, after the initial pause, steady
return to the initial prepacing cycle length were consistently
observed.
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